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The search for alternatives to PMTs as photosensors in optical TPCs for rare event detection has
signiﬁcantly increased in the last few years. In particular, in view of the next generation large volume
detectors, the use of photosensors with lower natural radioactivity, such as large area APDs or GM-
APDs, with the additional possibility of sparse surface coverage, triggered the intense study of secondary
scintillation production in micropattern electron multipliers, such as GEMs and THGEMs, as alternatives
to the commonly used uniform electric ﬁeld region between two parallel meshes. The much higher
scintillation output obtained from the electron avalanches in such microstructures presents an advantage
in those situations. The accurate knowledge of the amount of such scintillation is important for correct
detector simulation and optimization. It will also serve as a benchmark for software tools developed
and/or under development for the calculation of the amount of such scintillation.
The secondary scintillation yield, or electroluminescence yield, in the electron avalanches of GEMs and
THGEMs operating in gaseous xenon and argon has been determined for different gas pressures. At 1
bar, THGEMs deliver electroluminescence yields that are more than one order of magnitude higher when
compared to those achieved in GEMs and two orders of magnitude when compared to those achieved in
a uniform ﬁeld gap. The THGEM electroluminescence yield presents a faster decrease with pressure when
comparing to the GEM electroluminescence yield, reaching similar values to what is achieved in GEMs
for xenon pressures of 2.5 bar, but still one order of magnitude higher than that produced in a uniform
ﬁeld gap. Another exception is the GEM operating in argon, which presents an electroluminescence yield
similar to that produced in a uniform electric ﬁeld gap, while the THGEM achieves yields that are more
than one order of magnitude higher.
© 2012 Elsevier B.V. Open access under CC BY license.1. Introduction
Rare event detection, as direct dark matter search and neutri-
noless double beta decay are high points in contemporary particle
physics and cosmology. Giving the low rate and high background
nature of these experiments, it is crucial to have the highest possi-
ble signal gain in the detector. This reason strongly motivated the
development of optical Time Projection Chambers (TPC) relying on
electroluminescence (EL), i.e. secondary scintillation produced by
electron impact, rather than on secondary charge avalanche as the
ampliﬁcation process for the primary ionisation. In the last decade,
we have witnessed the increasing development and application of
optical TPCs to direct dark matter search, in large experiments
such as XENON, ZEPLIN, LUX and WARP [1–4], and to neutrino-
* Corresponding author.
E-mail address: cristina@gian.ﬁs.uc.pt (C.M.B. Monteiro).0370-2693 © 2012 Elsevier B.V.
http://dx.doi.org/10.1016/j.physletb.2012.06.066
Open access under CC BY license.less double beta decay detection, such as EXO-gas and NEXT [5–7].
In particular, the XENON 100 TPC [8], being at present the most
sensitive detector for the detection of WIMPS, demonstrated the
virtues of optical TPCs.
In a double-phase TPC, the primary electrons subsequent to ra-
diation interaction in liquid argon or liquid xenon are extracted
to the gas phase and ampliﬁed through electroluminescence pro-
duction in a region of suitable electric ﬁeld that accelerates the
primary electrons. Traditionally, EL production takes place in a uni-
form electric ﬁeld with intensity below the gas ionisation thresh-
old, in a scintillation gap limited by wire meshes, the scintillation
output being recorded by photomultiplier tubes (PMTs). However,
we have demonstrated that the amount of EL produced in the elec-
tron avalanches of micropattern gaseous electron multipliers can
be more than one order of magnitude higher than that obtained
between parallel meshes [9]. Although in the setups of the above
mentioned experiments the amount of the obtained secondary
scintillation is suﬃcient in view of the use of PMTs, an increase in
C.M.B. Monteiro et al. / Physics Letters B 714 (2012) 18–23 19Fig. 1. Schematic of the GPSC instrumented with a GEM, or a THGEM, and an LAAPD as the photosensor. While for the GEM setup the LAAPD was used to deﬁne the induction
plane, the charge being collected in the GEM bottom electrode, for the THGEM setup a stainless steel mesh was used as the induction plane, where the charge was collected.the secondary scintillation output is important if a different type
of readout is considered, such as avalanche photodiodes, substitut-
ing for PMTs.
Avalanche photodiodes (APDs) are good candidates for the scin-
tillation readout. They are compact and present low power con-
sumption and high quantum eﬃciency. In particular, the clear ad-
vantage of using APDs instead of PMTs relies on their negligible
natural radioactivity necessary for a reduced background – radioac-
tivity levels around 10 mBq/PMT for the Hamamatsu R8520 [10],
against around 1μBq/APD for the API APDs used in EXO [11], as-
suming an APD mass of 0.7 g – a requisite for the next generation
large-volume rare event experiments. In addition, the prospect of
non-full area illumination is also a strong reason for advocating
this scintillation increase. Smaller photosensors will allow better
position resolution, but need to be higher in number. A compro-
mise may be found between both parameters [12,13]. For that
purpose, in recent years there has been intense research on the
application of APDs operating in Geiger mode (GM-APDs) for the
readout of the scintillation produced in electron avalanches of
THGEMs [14] in liquid or in double-phase optical TPCs ([15–19]
and references therein).
For correct detector simulation it is essential to know the ex-
act amount of EL produced in the electron avalanches. In [9] we
have calculated the absolute EL yield for GEMs [19] and Micro-
Hole & Strip Plates (MHSPs) [20] operating in xenon and a sim-
ulation toolkit for electroluminescence assessment in noble gases
is being developed [21]. This toolkit allows calculating the scintil-
lation produced by drifting electrons in noble gases and will be
useful to simulate the scintillation processes in dual-phase and
high-pressure noble gas detectors used for rare event detection
or in electroluminescence based TPCs for high-energy physics ap-
plications. In this work we present results for absolute EL yields
in gaseous argon and xenon for electron avalanches produced in
GEMs and THGEMs.
2. Experimental setup
A stainless steel chamber was used to accommodate a GEM
or a THGEM and a VUV-sensitive large area avalanche photodiode(LAAPD). The chamber was ﬁlled with pure xenon or argon at dif-
ferent pressures and sealed off during the measurements. Fig. 1
schematically depicts the chamber incorporating the GEM/THGEM
and the LAAPD for the scintillation-readout. This chamber has al-
ready been used in [9]. The drift and induction gaps were 8- and
3-mm thick, respectively, in the GEM setup. For the THGEM stud-
ies the same setup was used, the THGEM substituting for the GEM
but, in this case, the drift and induction gaps were 6- and 2-mm
thick, respectively. While for the GEM setup the LAAPD was used
to deﬁne the induction plane, for the THGEM setup a stainless
steel mesh was used as the induction plane, placed 3 mm above
the LAAPD enclosure, Fig. 1. The charge collection on an induction
plane, instead of on the GEM or THGEM bottom electrode, has the
advantage of choosing a speciﬁc charge readout, e.g. with 2D capa-
bility, at the cost of losing some electrons to the bottom electrode.
On the other hand, the electroluminescence can be higher, by few
tens of percent, due to the more intense induction ﬁeld, resulting
in higher electric ﬁeld intensity at the holes’ exit. However, taking
into account the grid transparency, this increase in electrolumines-
cence is partially cancelled out.
The maximum pressure at which the LAAPD can be safely op-
erated is 2.5 bar. Therefore, the present studies were performed
for gas ﬁlling pressures of 1, 1.5, 2.0, and 2.5 bar. The gas purity
was maintained circulating the gas by convection through non-
evaporable getters (SAES St707) heated up to about 140◦C, being
the gas at room temperature.
The GEMs used in this work had standard dimensions, i.e. a
50-μm Kapton foil with a 5-μm copper clad on both sides and bi-
conical holes of 50- and 70-μm diameter in the Kapton and copper,
respectively, arranged in a hexagonal layout with a 140-μm pitch.
The THGEMs were made of standard printed circuit boards, a G-10
insulator clad with copper on both sides. The THGEM had a thick-
ness of 0.4 mm, a 0.4-mm hole diameter with a copperless rim
of 0.1 mm and a pitch of 0.8 mm. The GEM’s and THGEM’s active
areas were 2.8 × 2.8 cm2. The LAAPD had a 16-mm diameter ac-
tive area. While for GEMs the copper-clad Kapton has a very low
background radioactivity, of less than 30 μBq/cm2 [22], standard
THGEMs are made of G10 that contains glass ﬁbres, having ra-
dioactive 40K. Therefore, other radio-clean materials such as Kevlar,
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thicknesses, should be used.
The LAAPD enclosure and the chamber were grounded, while
the radiation window and the GEM’s (THGEM’s) top and bottom
electrodes were biased independently. For the GEM, constant drift
and induction ﬁelds of 0.5– and –0.1 kV cm−1, respectively, were
used throughout the measurements. For the THGEM, a constant
drift ﬁeld of 0.5 kV cm−1 was used, while in the induction region
electric ﬁelds between 2 and 4 kV cm−1 were used throughout the
measurements. An LAAPD bias voltage of 1840 V was used during
all the measurements, corresponding to an LAAPD gain of around
130 [24,25].
A 1-mm diameter collimated 22.1-keV X-ray beam interacting
in the drift region induces the production of primary electron
clouds that are focused into the GEM or THGEM holes, where
they undergo charge avalanche multiplication. For the GEM, a re-
versed electric ﬁeld has been applied across the induction region
to allow full collection of the avalanche electrons on the bot-
tom electrode (anode) of the GEM, as shown in Fig. 1. For the
THGEM, the avalanche electrons were chosen to be collected in
the induction plane, i.e. a stainless steel mesh (80-μm wire di-
ameter, 900-μm spacing) placed just above the LAAPD, Fig. 1.
The latter conﬁguration is the most used in the literature, for it
decouples the ampliﬁcation stage from the charge readout, with
the advantage of using the most suitable readout pad for each
application.
A large number of VUV scintillation photons are produced in
the charge avalanche as a result of the gas de-excitation processes.
A fraction of these photons reaches the LAAPD active area and the
corresponding electric signal is ampliﬁed in the avalanche photo-
diode.
The electroluminescence ampliﬁcation was deﬁned by varying
the voltage across the GEM’s or THGEM’s holes. We have mon-
itored the amplitude of the electroluminescence pulses resulting
from X-ray interaction in the drift region as a function of volt-
age applied across the holes. The pulses from the LAAPD were fed
through a low-noise, 1.5 V/pC, charge pre-ampliﬁer to an ampli-
ﬁer, and were pulse-height analysed with a multi-channel anal-
yser (MCA). The pulse-height distributions were ﬁt to Gaussian
functions superimposed on a linear background, from which the
pulse-amplitudes were taken as the Gaussian centroids. For abso-
lute charge determination in the LAAPD, the electronic chain was
calibrated using a pulse generator to feed a calibrated capacitor
directly connected to the preampliﬁer input and determining the
respective pulse-amplitude in the MCA.
3. Methodology
The electroluminescence yield produced in the GEM or THGEM
gaseous electron multiplier is deﬁned as the number of secondary
scintillation photons produced in the electron avalanches, per pri-
mary electron created in the drift region. As in the case of the
scintillation produced in uniform electric ﬁelds, at atmospheric
pressures, the emission is centred in the second continuum, the
emission in the visible and in the IR regions being negligible in
comparison with those in the VUV region [18,21,26–28].
Concurrent with the electroluminescence due to the absorption
of X-rays in the gas, a large fraction of the X-rays is directly de-
tected by the LAAPD. For a given X-ray energy, the amplitude of
the signals due to X-ray interaction in the photodiode depends
only on the LAAPD bias voltage, regardless of the GEM/THGEM
voltage and, therefore, the corresponding position of the peak in
the pulse-height distributions is easy to identify. The number of
electron–hole pairs, Ne,XR , produced by direct absorption of the X-
ray in the LAAPD is determined from the X-ray energy, Ex , and thew-value in silicon (3.62 eV [29]) and is approximately 6.1 × 103
electron–hole pairs for an X-ray energy of 22.1 keV.
A direct comparison between the amplitudes of the electrolu-
minescence, ASc, and the X-rays directly absorbed in the LAAPD,
AX , provides a quantiﬁcation of the number of VUV-photons, NUV,






where QE is the quantum eﬃciency of the LAAPD, deﬁned as the
number of charge carriers produced per incident VUV photon, be-
ing 1.1 for 172-nm photons and 0.55 for 128-nm photons [26,30].
The non-linear response of the LAAPD to 22.1-keV X-rays was
taken into account and AX was corrected for this effect [31] with
a factor of 1.1 for xenon and 1.12 for argon.
The electroluminescence yield can be directly obtained from
Y = NUV × 4π






where Ωsc is the solid angle subtended by the LAAPD, Ex is the
energy of the incident X-ray, T is the mesh optical transparency
and wEx the respective w-value for the ﬁll gas and for the X-
ray energy Ex . In the present conditions, the w-value for xenon
is 21.77 eV and for argon 26.4 eV, for 22.1-keV X-rays [32,33]. The
relative solid angle subtended by the LAAPD is determined from
the setup geometry, assuming the scintillation to be produced in
the detector axis, is Ωsc/4π = 0.28 for the GEM geometry and
Ωsc/4π = 0.24 for the THGEM geometry. The mesh optical trans-
parency is 100% for the GEM setup and 84% for the THGEM setup.
The dominating sources of uncertainty in the calculated yield are
QE and Ωsc, the values being estimated to be ±10% each.
This method is similar to that used for the determination of the
absolute electroluminescence yield in argon and xenon for uniform
electric ﬁelds [34,35].
4. Experimental results and discussion
In Fig. 2 we present the electroluminescence yield for GEMs
(Fig. 2b and 2d) and THGEMs (Figs. 2a and 2c) operating in
xenon and argon, as a function of voltage difference applied to the
GEM/THGEM holes, for different gas pressures. The voltages were
gradually increased, until a microdischarge in about every 2 to 3
minutes occurred. Taking into account the values for pressure, tem-
perature, voltage difference applied to the scintillation gap and the
thickness of the gap in XENON100 [8] and ZEPLIN-III [2] setups,
values of 305 and 340 photons per primary electron have been de-
termined for the respective electroluminescence yields [35]. Since
there are no data in the literature for the amount of electrolumi-
nescence produced in the WARP detector, no comparison can be
made with the present values. Nevertheless, the electrolumines-
cence produced in argon in a 5-mm uniform ﬁeld scintillation gap
for a reduced electric ﬁeld of 3.0 kV cm−1 bar−1, taken from [34],
was included in Figs. 2c and 2d for comparison, and is represented
by the horizontal solid lines.
The maximum achieved electroluminescence yield in xenon
reaches very high values but presents, for the THGEM, a fast de-
crease with increasing pressure, from about 7 × 104 photons per
primary electron, at 1 bar, to about 2 × 103 photons per primary
electron, at 2.5 bar. Compared to the GEM, the THGEM electrolu-
minescence yield decreases faster with xenon pressure; the elec-
troluminescence yield achieved with THGEMs is one order of mag-
nitude higher than those achieved in GEMs, at 1 bar, but presents
already similar yields at 2.5 bar.
C.M.B. Monteiro et al. / Physics Letters B 714 (2012) 18–23 21Fig. 2. Electroluminescence yield, Y , i.e. number of photons produced in THGEMs (Figs. 2a and 2c) or GEMs (Figs. 2b and 2d) per primary electron produced in the drift
region as a function of voltage applied to the THGEM or GEM holes operating in xenon and argon. The horizontal lines correspond to the electroluminescence produced in
uniform ﬁeld gaps in argon, for a 5-mm thick scintillation gap with a reduced electric ﬁeld of 3.0 kV cm−1 bar−1, and in xenon, for the XENON 100 and ZEPLIN-III setups.The electroluminescence is produced by the secondary elec-
trons formed along the avalanche. The electron avalanche devel-
opment in the GEM’s and THGEM’s holes is determined by the
electron-impact mechanism [36], which explains the maximum
gain-drop for higher pressures; the maximum applied voltage does
not increase as fast as pressure, thus, the reduced electric ﬁeld
decreases with increasing pressure. The lower values of the re-
duced electric ﬁeld in THGEMs result in a faster dependence of
the Townsend coeﬃcient on the reduced electric ﬁeld.
When compared to what is achieved using a uniform electric
ﬁeld scintillation gap, the electroluminescence yields obtained in
THGEMs are more than one order of magnitude higher, except
for 2.5 bar, for which they are only four times higher. The xenon
gas pressure in a dual-phase TPC at normal operation conditions
depends on the detector conﬁguration and on the temperature
gradients. For gas pressures below 0.8 bar the liquid phase may
condense. Therefore, under normal operation, the xenon pressure
in the gas phase is kept above 1.1–1.2 bar (e.g. Refs. [18,37]) or
even higher to have a safer margin for possible pressure ﬂuctu-
ations, e.g. around 1.6 bar [37]. These pressures correspond to a
pressure range from 1.8 to 2.5 bar at 20◦C. In these cases, com-
pared to a uniform ﬁeld gap, the electroluminescence yield is a
factor of 20 and 4 higher, respectively, for the THGEM case, and of
4 and 2 for the GEM.
For the THGEM and GEM operating in argon, the depen-
dence of the maximum achieved yield with the gas pressure is
much lower than for xenon, following the lesser dependence of
the Townsend coeﬃcient on the values of reduced electric ﬁeldspresent in those microstructures operated in argon; the charge
avalanche gain reduction with increasing pressure is much more
pronounced for GEM/THGEM operation in xenon than for their op-
eration in argon.
For argon, the maximum EL yield achieved in THGEMs is about
1.5 × 104 at 1 bar, reducing smoothly to about 4 × 103 at 2.5
bar, while in GEMs the maximum achieved EL yield does not de-
pend signiﬁcantly on the pressure, being around 3 × 102 photons
per primary electron. The EL yield produced in GEMs is similar
to that obtained in a uniform ﬁeld scintillation gap. Therefore, in
argon there is no advantage in using GEMs for scintillation ampli-
ﬁcation, in opposition to xenon. On the contrary, the scintillation
produced in THGEMs operating in argon for 1 bar and 1.5 bar is
two orders of magnitude higher than that produced in a 5-mm
thick uniform ﬁeld scintillation gap with a reduced electric ﬁeld
of 3.0 kV cm−1 bar−1, being still one order of magnitude higher at
2.5 bar. Therefore, the use of a THGEM as a mean to produce EL in
argon-ﬁlled detectors may present advantages over the use of uni-
form electric ﬁeld scintillation gaps. For an argon dual-phase TPC a
pressure of almost 1 bar is planned [38], corresponding to a pres-
sure of about 3.3 bar, for the same density, at 20◦C. Nevertheless,
operation of a dual-phase TPC, for which the gas density corre-
sponds to a pressure of 1 bar at 20◦C, has been reported in the
literature [13,17].
The calibration of the electronic chain of the scintillation read-
out channel allows an independent determination of the EL yield.
This calibration allows the calculation of the number of electrons
collected in the LAAPD anode per primary electron produced in the
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Maximum electroluminescence yields for GEMs, THGEMs and 5-mm thick uniform ﬁeld gap∗ .
Xenon Argon
1 bar 1.5 bar 2 bar 2.5 bar 1 bar 1.5 bar 2 bar 2.5 bar
GEM 6× 103 3.4× 103 1.5× 103 1.2× 103 2.7× 102 4.8× 102 4.4× 102 3.3× 102
THGEM 7× 104 1.3× 104 8× 103 2.2× 103 1.5× 104 7.8× 103 3.9× 103 3.8× 103
5-mm uniform ﬁeld gap∗ 2.2× 102 3.3× 102 4.4× 102 5.5× 102 1.0× 102 1.5× 102 2.0× 102 2.5× 102
∗ Xenon: E/p = 4.0 kVcm−1 bar−1, argon: E/p = 3.0 kVcm−1 bar−1.scintillation region, Gtot. Assuming the LAAPD gain for 1840 V bias-
ing to be about GAPD = 130 [24,25], the number of charge carriers
produced in the LAAPD by the scintillation pulse can be deter-
mined from the ratio of these two gains. Therefore, the number
of photons impinging the LAAPD per primary electron, NUV,e , can
be given by
NUV,e = QE−1 × Gtot
GAPD
, (3)
and the EL yield is obtained from
Yeff = NUV,e × 4πT × ΩSc . (4)
The values calculated from Eq. (4) are similar to those ob-
tained with the former method, within less than 20% for xenon
and within 30% for argon. However, the uncertainty in the yield
obtained by this last method is higher because of the uncertainty
in GAPD and in Gtot, which are larger than that of QE.
5. Conclusions
The electroluminescence yield, deﬁned as the number of pho-
tons produced in the electron avalanches per primary electron
resulting from the radiation interaction in the gas, has been de-
termined for GEM and THGEM electron multipliers. These studies
are important for the correct simulation of the EL-based TPCs com-
prising these microstructures and to be used as a benchmark for
the development of software tools for this purpose [21].
Table 1 summarizes the maximum EL yields achieved in GEM,
THGEM and 5-mm thick uniform ﬁeld gaps for reduced electric
ﬁelds of 4.0 and 3.0 kV cm−1 bar−1 for xenon and argon, respec-
tively. It was demonstrated that the EL yield achieved in the elec-
tron avalanches may be a few orders of magnitude higher than the
yields attained in the uniform electric ﬁeld gaps commonly used in
experiments for dark matter search. This is an asset if alternatives
to PMTs, such as large area APDs and GM-APDs, are to be consid-
ered for the scintillation readout, having lower gains or sparser
distributions than PMTs. However, the THGEM yield presents a
faster decrease with pressure when compared to the GEM – while
for the uniform ﬁeld gap there is a linear increase with pressure –
reaching similar yields to GEM, for xenon operation at 2.5 bar. In
addition, the GEM operating in argon presents an EL yield similar
to that produced in a uniform electric ﬁeld gap.
At present, the THGEM technology is not yet suﬃciently ma-
tured, e.g. problems of insulator charging-up and discharges, which
may result in instabilities. In addition, the operation of GEMs and
THGEMs in saturated noble gas atmospheres is also under study,
for gas condensation may thwart reaching the high avalanche
charge gains and, therefore, electroluminescence gains that are
reachable at room temperature. These studies are ongoing since
the last few years [13,15–18,28,39] and steady progress is being
achieved.
The ultimate goal for a simpliﬁed detector would be reading
out the primary ionisation charge by means of charge avalanche
ampliﬁcation processes (preferably in the liquid), avoiding the useof photosensors. Therefore, there are groups doing R&D in that di-
rection [40–45]. However, as also referred in [46–49], we advocate
that charge avalanche readout result in feeble signals with much
lower amplitudes than those of scintillation signals. In xenon, the
avalanche gains achieved in GEMs and THGEMs at xenon pressures
around 2 bar are only of a few hundred electrons per primary elec-
tron [13,16], too few to obtain a clean signal considering the small
energies deposited in the detector by xenon recoils.
According to our measurements, for xenon, the signal ampli-
tudes obtained from the readout of the scintillation produced in
GEM and THGEM avalanches, using an LAAPD as a photosensor, are
more than two orders of magnitude higher than those obtained
from direct readout of the avalanche charge, for the whole pres-
sure range studied. For the argon case, the above ratio is one order
of magnitude.
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